A gene encoding a UDP-glucose dehydrogenase homologue was identified in the hyperthermophilic archaeon, Pyrobaculum islandicum. This gene was expressed in Escherichia coli, and the product was purified and characterized. The expressed enzyme is the most thermostable UDP-glucose dehydrogenase so far described, with a half-life of 10 min at 90 C. The enzyme retained its full activity after incubating in a pH range of 5.0-10.0 for 10 min at 80 C. The temperature dependence of the kinetic parameters for this enzyme was examined at 37-70 C. A decrease in K m s for UDPglucose and NAD was observed with decreasing temperature. This resulted in the enzyme still retaining high catalytic efficiency (V max =K m ) for the substrate and cofactor, even at 37 C. These characteristics make the enzyme potentially useful for its application at a much lower temperature such as 37 C than the optimum growth temperature of 100 C for P. islandicum.
UDP-glucose dehydrogenase (UDP-GDH; EC 1.1.1.22) catalyzes the two-step NAD-dependent oxidation of UDP-glucose to produce UDP-glucuronic acid. The physiological functions of UDP-GDH have been investigated in a number of organisms, and these studies have demonstrated its importance in polysaccharide biosynthesis, detoxification, and embryonic development.
1) UDP-GDH has been used for the coupling assay of such nucleotide sugar metabolism enzymes as UDP-glucose 4-epimerase and UDP-glucose pyrophosphorylase. 2, 3) However, commercially available UDP-GDH, which is derived from the mesophile, is totally unstable and this makes the enzyme much too expensive as an assay reagent. UDP-GDHs from hyperthermophiles can be expected to be much more stable than those from mesophiles. We therefore searched for the gene encoding UDP-GDH in a genome database and identified a gene (Pisl 1505) encoding a UDP-GDH homologue in the continental hyperthermophilic archaeon, Pyrobaculum islandicum. We expressed the gene in E. coli, and the product was characterized in the present study. To our knowledge, this study is the first to show the presence of UDP-GDH in hyperthermophilic archaea.
To construct the expression plasmid, a 1.3 kbp gene fragment comprising the gene encoding the UDP-GDH homologue (Pisl 1505) and Nde I and Bam HI linkers was amplified by PCR with two primers. The first primer was designed to contain the N-terminal region of the UDP-GDH gene homologue and an Nde I digestion sequence (5 0 -CTCATATGGCTTCGCTCTCTGTTCTA-GGGC-3 0 ), while the second was designed to contain the C-terminal region and Bam HI digestion sequence (5 0 -AAGGATCCCTAAGCCCACGCCACGC-3 0 ). P. islandicum genomic DNA was used as the template and was prepared as previously described.
4) The amplified 1.3 kbp fragment was digested with Nde I and Bam HI and then ligated with the pET15b expression vector (Novagen, Madison, WI, USA), which had been linearized with Nde I and Bam HI, to generate pUDPGDH. The E. coli strain BL21 (DE3) codon plus RIL obtained from Stratagene (La Jolla, CA, USA) was transformed with pUDPGDH, and the transformants were cultivated at 37 C in 1 L of an SB medium (1.2% tryptone peptone, 2.4% yeast extract, 1.25% K 2 HPO 4 , 0.38% KH 2 PO 4 and 0.5% glycerol) containing 50 mg/mL of ampicillin until the optical density at 600 nm had reached 0.4. Expression was induced by adding 1 mM isopropyl--D-thiogalactopyranoside to the medium, and cultivation was continued for an additional 3 h. The cells were then harvested by centrifugation and washed twice with a 0.85% NaCl solution. The washed cells were suspended in an LEW buffer (50 mM NaH 2 PO 4 and 300 mM NaCl at pH 8.0) and then disrupted by ultrasonication. The crude extract was heated at 80 C for 10 min, and the denatured protein was removed by centrifugation (10;000 Â g for 10 min). The resulting supernatant was loaded into a Protino Ò Ni-IDA column (Macherey-Nage, Germany) that had been equilibrated with the LEW buffer. The column was washed with ten bed-volumes of the same buffer, and the enzyme was eluted with a ten bed-volume linear gradient of 0-250 mM imidazole in the LEW buffer. The active fractions were pooled and substituted for a 50 mM y To whom correspondence should be addressed. Tel/Fax: +81-87-891-3078; E-mail: sakuraba@ag.kagawa-u.ac.jp NaH 2 PO 4 (pH 8.0) buffer by ultrafiltration (Amicon Ultra 30K NMWL device; Millipore, Billerica, MA, USA). The enzyme was spectrophotometrically assayed with a Shimadzu UV-1200 spectrophotometer equipped with a thermostat. The standard reaction mixture contained 2 mM UDP-glucose, 1.5 mM NAD, a 100 mM glycine-NaOH buffer at pH 10.5, and the enzyme in a total volume of 1 mL. The mixture was incubated at 50 C in a cuvette with a 1.0-cm light path. The reaction was started by adding UDP-glucose, and the initial increase in absorbance at 340 nm was then measured. A millimolar absorption coefficient (" mM) of 6.22 mM À1 cm À1 at 340 nm was used for NADH. The protein concentration was determined by the Bradford method.
5)
The transformed cells exhibited a high level of UDP-GDH activity, and the enzyme was readily purified from a crude extract of the transformants in two simple steps involving heat treatment and nickel-chelated column chromatography. About 34 mg of the purified enzyme was obtained from the cell extract of E. coli in a 1-L culture (Fig. 1) . The reaction product was identified by thin-layer chromatography to confirm that the expressed product of Pisl 1505 indeed catalyzed UDP-glucose dehydrogenation. The experimental procedure was as previously described.
6) The result of the enzyme reaction was a spot corresponding to UDP-glucuronic acid that was detected on the plate by thin-layer chromatography (data not shown), showing that UDP-GDH was encoded by the Pisl 1505 gene.
Sephacryl S-300 gel filtration chromatography (26 mm Â 80 cm) enabled the molecular mass of the native enzyme to be estimated as about 44 kDa (data not shown). The subunit molecular mass was estimated to be about 50 kDa by SDS-PAGE, indicating that the enzyme had a monomeric structure. Bacterial UDP-GDHs are usually homodimers with a subunit size of 44-55 kDa, 7, 8) whereas streptcoccal UDP-GDH exhibit a monomeric structure (45 kDa). 9) Mammalian UDPGDHs exhibit a hexameric structure with subunits of 52 kDa. 10) In this respect, P. islandicum UDP-GDH is similar to streptcoccal UDP-GDH. Examining the effect of pH on UDP-glucose oxidation indicated that the optimum pH for the enzyme was 10.5 ( Fig. 2A) . Full activity was retained when the enzyme was incubated in a pH range of 5.0-10 for 10 min at 80 C (Fig. 2B) . The optimum temperature for activity was 70 C. The enzyme retained full activity after heating for 10 min at 80 C, but lost about 50% of the activity after heating for 10 min at 90 C (Fig. 2C) . The most thermostable UDP-GDH so far found has been the enzyme from Lilium longiflorum which retained full activity after heating for 2 min at 50 C, 11) but markedly lost this activity at higher temperatures. P. islandicum UDP-GDH is therefore the most thermostable UDP-GDH yet described. A, The activity for oxidation of UDP-glucose was measured at various pH values. Tris-HCl ( ) and glycine-NaOH ( ) buffers were respectively used in the assays for pH 8.0-9.0 and pH 9.0-11. The reaction mixture contained 2 mM UDP-glucose, 1.5 mM NAD, a 100 mM buffer and 15 mg of the enzyme. The mixture was incubated at 50 C and then the reaction was started by adding UDP-glucose. B, The pH stability was examined after incubating the enzyme for 10 min at 80 C in 0.1 M buffers of various pH values. The buffers used were citrate/sodium citrate, pH 3.5-6 ( ), potassium phosphate, pH 6-8 ( ), Tris/HCl, pH 8-9 ( ), and glycine/NaOH, pH 9-11 ( ). The activity was determined for 1 min at 50 C by the standard assay method. The reaction mixture contained 2 mM UDPglucose, 1.5 mM NAD, a 100 mM buffer and the enzyme. C, The enzyme was treated at various temperatures for 10 min in a 50 mM sodium phosphate buffer (pH 8.0). The relative activity was determined by the standard assay method. The temperature dependence of the Michaelis constants for the substrates was examined at 37-70 C (Table 1) . Initial velocity experiments were done by varying the concentration of one substrate while keeping the concentration of the other substrates constant. A decrease in temperature from 70 C to 37 C decreased the apparent V max values for UDP-glucose and NAD from 18.1 to 1.93 and from 19.7 to 1.61 (mmol/min)/mg, respectively. However, the apparent K m values for UDPglucose and NAD were also respectively decreased from 1.28 to 0.32 and from 0.69 to 0.06 with this decrease of temperature. The enzyme therefore retained high catalytic efficiency (V max =K m ¼ 6:03) for UDP-glucose even at 37 C. However, the catalytic efficiency for NAD did not show such temperature dependence ( Table 1 ). The K m values for UDP-glucose and NAD have been respectively reported to be 0.02 and 0.06 mM for streptococcal UDP-GDH, 9) 0.12 and 0.47 mM for Pseudomonas aeruginosa UDP-GDH, 7) 0.87 and 0.4 mM for Sphingomonas eladea UDP-GDH, 12 ) and 1.0 mM and 0.05 mM for E. coli UDP-GDH. 8 ) P. islandicum UDP-GDH therefore exhibited K m values at 37 C comparable with those of mesophilic UDP-GDHs. These characteristics of the enzyme are advantageous to an application such as UDP-glucose determination at ordinary temperatures. In addition, the higher stability of P. islandicum UDP-GDH makes it particularly useful for preparing a highly pure enzyme which may enable low-cost UDP-GDH to be provided. Temperature dependence of kinetic parameters was determined by varying the concentration of one substrate (see annotations) while keeping the concentration of the other substrates constant (UDP-glucose; 2 mM, NAD; 1.5 mM). 1 , 2.0, 0.22, 0.11 and 0.074 mM substrates were used for assay; 2 , 2.0, 0.67, 0.22, 0.11 and 0.074 mM substrates were used for assay; 3 , 2.0, 0.67, 0.22, 0.11 and 0.074 mM substrates were used for assay; 4 , 1.5, 0.17, 0.083 and 0.056 mM substrates were used for assay; 5 , 1.5, 0.50, 0.17, 0.083 and 0.056 mM substrates were used for assay; 6 , 1.5, 0.5, 0.17, 0.083 and 0.056 mM substrates were used for assay.
